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In the context of direct detection sensors with compact dimensions, we investigate the gravimetric sensitivity 
of High-overtone Bulk Acoustic Resonators, through modeling of their acoustic characteristics and experiment. 
The high frequency characterizing such devices is expected to induce a significant effect when the acoustic 
field boundary conditions are modified by a thin adlayer. Furthermore, the multimode spectral characteristics 
is considered for wideband acoustic spectroscopy of the adlayer, once the gravimetric sensitivity dependence 
of the various overtones is established. Finally, means of improving the gravimetric sensitivity by confining 
the acoustic field in a low acoustic-impedance layer is theoretically established. 
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I. INTRODUCTION 

Direct detection sensors^ aim at continuous, real time 
monitoring of the presence and concentration of chemi¬ 
cal compounds without the need of a preliminary sample 
preparation step. Amongst the various direct detection 
strategies including electrochemical methods^, optical 
methods (surface plasmon resonance, integrated optics 
or spectroscopies^), the use of acoustic waves to probe 
medium property variations is considered in contexts in 
which other strategies are not suitable either due to the 
fragile optical setups or because the compound being in¬ 
vestigated is not electrochemically active. The two broad 
strategies of acoustic transducers aim at observing ei¬ 
ther boundary condition variations due to the absorp¬ 
tion of a thin film on a substrate in which the acoustic 
wave is confined (the so-called Quartz Crystal Microbal¬ 
ance - QCM&£), or acoustic velocity variations as the 
boudary conditions are varied by chemical absorption on 
the surface of the transducer guiding the propagation of a 
wave confined to the piezoelectric transducer surface (the 
so-called Surface Acoustic Wave - SAW). Various wave 
polarization conditions meet the surface confinement re¬ 
quirements but only pure shear waves and waves exhibit¬ 
ing acoustic velocities slower than those of the surround¬ 
ing medium will prevent radiation losses as the sensor is 
loaded by a liquid: the former approach is implemented 
in the Love mode transducer concept^ and the latter 
in the Lamb wave transducer. All these strategies have 
been thoroughly investigated in the context of direct de¬ 
tection (bio)sensors. The evolution from the QCM to 
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the SAW strategy has been motivated by the considera¬ 
tion that rising acoustic frequencies lowers the acoustic 
wavelength and hence magnifies the effect of a chemical 
species absorption to form a layer of a given thickness: 
the gravimetric sensitivity quantifies this notion. Rising 
QCM frequency classically means lowering the substrate 
thickness and hence making the transducer more fragile. 
An alternative consideration here is to use a thin piezo¬ 
electric film over a thick substrate selected for its low 
acoustic losses to both provide high acoustic frequency 
modes and yet a rugged transducer. 

The work presented here focuses on the study of the 
gravimetric sensitivity by modeling the acoustic trans¬ 
ducer electrical response with a one dimensional model. 
The dependency of the gravimetric sensitivity on the 
working frequency is demonstrated. The influence of the 
adsorbed thickness of the added layer and its acoustic 
properties on the gravimetric sensitivity is also presented. 
A discussion is proposed on the gravimetric sensitivity 
definition which depends on the considered initial condi¬ 
tion. A maximum of sensitivity is also obtained for a par¬ 
ticular thickness in function of acoustic wavelength. The 
theoretical results are compared with experimental re¬ 
sults obtained by considering copper thin film deposition 
in dry and wet environments. Finally a way to improve 
the gravimetric sensitivity is proposed using an appropri¬ 
ate added layer on the sensing surface of the transducer. 

II. ACOUSTIC WAVE TRANSDUCERS 

The High-overtone Bulk-Acoustic Resonator (HBAR) 
concept has evolved from the bulk-acoustic resonator 
(QCM) strategy by identifying a technological limitation 
to how thin a piezoelectric film could be made when aim¬ 
ing at rising operating frequencies J o 10 ' 11 . Since a QCM 
confines half a wavelength A in the substrate thickness f, 
the resonator frequency is related to the acoustic velocity 
v by fo = c/X = v/(21): reaching low t values has been 
investigated in the free membrane strategy of the Film 
Bulk Acoustic Resonator (FBAR) 12 : 13 . The HBAR pre- 
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vents the fragile piezoelectric membrane from collapsing 
by being supported on a low acoustic loss substrate. 

This work focuses on the determination of gravimetric 
sensitivity (Eq. [TJ of HBAR to assess the possibility of 
using such a transducer for direct detection, and various 
sensing strategies introduced by the unique spectral prop¬ 
erties of the device. Assuming a linear relation between 
an adsorbed mass Am and the transducer resonance fre¬ 
quency shift A/, the gravimetric sensitivity S is defined 
as the relative frequency shift of the resonance when 
loading the sensing area A 


s = ±Lx 


A 


A/ 


1 


fo Am f 0 px At 


( 1 ) 


since Am = ApAt with p the absorbed layer density and 
At its thickness. 

Eq. [Qis used throughout this work for computing S out 
of the modeled acoustic transducer frequency variation 
due to layers with various properties being added over the 
transducer surface. However, another practical quantity 
relating directly frequency shift and absorbed mass is the 
mass-sensitivity constant C = ^37 n g-cm _2 .Hz _1 : 

the relatioship between these two quantities is C = . 

The perturbative approach of Sauerbreyi^ predicts 
(Eq. [2]) a gravimetric sensitivity only dependent on the 
transducer thickness t p and the density of the piezoelec¬ 
tric material p pi assuming the adsorbed layer is charac¬ 
terized by p = p p . Hence, a perturbative model hints at 
a lack of improvement of the gravimetric sensitivity when 
using high overtone devices which are expected to always 
exhibit the fundamental mode gravimetric sensitivity. 



p p • t p 


( 2 ) 


which results from considering, in a perturbative ap¬ 
proach, that = AA anc j that the wavelength \ n of 
the nth overtone is related to the substrate thickness by 
t p — ^Ail, go that Eq. [T|can be written for each overtone 
of the QCM as 


Af n 2 AA„ 2 

_ X _ = _ ^ _ 

fn Pp'Tl AX n \ n PpnAX n 


2 

Pp x Ai 


( 3 ) 


with Ai = n-A n = t p /2 the wavelength of the fundamen¬ 
tal mode. 

Numerical modeling will however be considered to 
finely analyze the gravimetric sensitivity of HBAR over¬ 
tones beyond these perturbative assumptions, if only be¬ 
cause the HBAR is a complex structure yielding more 
complex behaviours than this expected constant gravi¬ 
metric sensitivity with overtone number. Once the sen¬ 
sitivity is established, the detection limit for a resonator 
operating at frequency fo and exhibiting a quality fac¬ 
tor Q is given by the phase to frequency slope ^ = ^2. 
From the sensitivity definition, knowing the smallest de¬ 
tectable phase shift d<pmin as given in our case ini£, 
then the smallest relative detectable frequency shift is 


dfmin dtp 

fo 
dm r 


2 Q 

—4 — = dlf 2 Q n x -5- As an example of a numerical ap¬ 
plication, considering a quality factor of Q — 10000 and a 
minimum detectable phase variation^ of d<p m i n = 25 m° 
and S = 150 cm 2 /g, then ~ 4 ng / C m 2 . 

A HBAR device is a composite resonator including two 
layers: a thin piezoelectric layer (as a thin QCM) to gen¬ 
erate the acoustic wave, and a low acoustic loss substrate 
used as a cavity to confine the resonances while support¬ 
ing the thin piezoelectric film. This coupled resonator 
structure induces a complex admittance spectrum (Fig. 
[[]) with a series of narrow resonances whose amplitudes 
are modulated throughout the spectrum. 


and S — x 


dm 

A 


1 * d£ 
S X fo 



FIG. 1. Principle of the HBAR (left) and global view of the 
real part of the admittance (right). 


The envelope of the HBAR response is defined by the 
piezoelectric layer thickness while the frequency span be¬ 
tween each narrow resonance is defined by the substrate 
layer thickness. Considering first only the piezoelectric 
layer of thickness f p , the resonance frequencies fmodeip) 
are related to the acoustic velocity c by 

fmodeijl ) = n X — (4) 


at which the envelope of the admittance is maximum 
since the piezoelectric thin film pumps a maximum of 
energy in the substrate by inverse piezoelectric electrome¬ 
chanical conversion. 

Once the acoustic energy has been coupled to the sub¬ 
strate of thickness t s , the frequency spacing Af overtone 
between narrow resonances is given by 


A f 0 


c 

2 tl 


( 5 ) 


This multitude of modes opens a unique perspective for 
exploiting the HBAR as gravimetric transducer: wide¬ 
band acoustic spectroscopy of the mechanical properties 
of the adsorbed thin film. However, such an approach 
can only be exploited quantitatively if the gravimetric 
sensitivity of each mode is known. 

Two HBAR geometries are considered. A 3.8 pm thick 
AIN piezoelectric thin film deposited on a 25.3 ^m-thick 
Si 02 substrate only confines longitudinal waves exhibit¬ 
ing wavelengths ranging from 2 to 8 ^m when operating 
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at frequencies in the 500 MHz to 5 GHz range. Since 
longitudinal waves are not appropriate for sensing in liq¬ 
uid media (acoustic radiative losses), the second geome¬ 
try combines - following the IEEE 176-1987 (section 3.6) 
naming convention a lithium niobate LiNbC >3 YX1 /163° 
thin film (selected for its high coupling characteristics) 
over a YX1/32 0 quartz substrate (selected for its low 
acoustic losses characteristics and low temperature sensi¬ 
tivity): the very different technological processes induce 
thicker layers of 20 and 450 /im respectivel y 17 ' 18 . 

The latter device propagates pure shear waves and is 
hence compatible with the detection of compounds in 
liquid phase. 


III. MODELING 

For modeling the HBAR resonator admittance and de¬ 
termining the gravimetric sensitivity of the various over¬ 
tones as boundary conditions are varied, a one dimension 
modeling software is used based on Boundary Element 
Modeling (BEM) 19 ' 20 . The free parameters tuned dur¬ 
ing the modeling process are the layer thicknesses and 
material properties, while the gravimetric sensitivity is 
extracted from the application of Eq. |T] when the res¬ 
onance frequency is monitored as a function of adlayer 
geometrical properties and most significantly its thick¬ 
ness Ae. 


A. Gravimetric sensitivity dependencies 

The study first focuses on the impact of the side of the 
HBAR selected as the sensitive surface. Although a prac¬ 
tical consideration naturally hints at using the side op¬ 
posite to the piezoelectric layer coated with electrodes as 
the sensing area, the gravimetric sensitivity of both sides 
of the HBAR (the exposed area of the piezoelectric layer 
or the substrate) will exhibit different coupling with the 
adlayer and hence different gravimetric sensitivities (Fig. 
©. Two adlayer mechanical properties are considered 
by selecting material constants of silica or copper. The 
gravimetric sensitivities are calculated by considering an 
adsorbed thickness of 5 nm to remain in a perturbative 
assumption. 

Both adlayer characteristics yield similar gravimetric 
sensitivities, complying with the perturbation require¬ 
ment of independence of the result with the thin addi¬ 
tional film material properties. However, the evolution 
of S is radically different depending on which side of the 
HBAR is considered. In the first case in which the ad¬ 
layer coats the substrate side, the gravimetric sensitiv¬ 
ity decreases when the admittance is maximized and a 
tradeoff must be met between mode coupling and sensi¬ 
tivity: the gravimetric sensitivity is maximized at reso¬ 
nance frequencies below and above the piezoelectric thin 
film resonance frequency. The trend is opposite when 
coating the piezoelectric (top) side of the HBAR: in this 



Frequency (MHz) 


FIG. 2. Modeled HBAR admittance (solid line) and associ¬ 
ated gravimetric sensitivity using two materials (copper and 
silica) on the top (piezoelectri layer) and bottom (substrate 
layer) sides of the HBAR. 


case, both admittance and gravimetric sensitivity evole 
similarly. The gravimetric sensitivities at the resonances 
of the piezoelectric thin film are the same whether the 
coating is deposited on the bottom or top sides. 

While the gravimetric sensitivity remains constant 
within 10% when loading the substrate side, it varies sig¬ 
nificantly - in this case by a factor of 3 - when loading the 
piezoelectric layer side: hence, the probed modes must 
be carefully selected for maximizing both sensitivity and 
signal to noise ratio through efficient electromechanical 
coupling. 


B. Thick film condition 

In order to match experimental conditions, we shall 
from now on only consider an adlayer deposited on the 
substrate side, opposite to the electrodes polarizing the 
piezoelectric thin film. This strategy is selected so that 
packaging issues are only related to liquid confinement 
over the HBAR sensing surface and no electrical insula¬ 
tion or shielding issues arise when operating with com¬ 
pounds in liquid media. 

Because on the wide range of operating frequencies, 
the perturbative assumption is hardly met at the higher 
frequency range, and based on the previous work pre¬ 
sented by Mansfeld in~I we now focus on modeling the 
behaviour of thick absorbed films. “Thick” is defined as a 
film exhibiting significant departure from the behaviour 
predicted by Sauerbrey. Considering a thick film induces 
an uncertainty as to the definition of the initial condition 
when computing the sensitivity. On the one hand, the 
sensitivity is defined as an infinitesimal frequency varia¬ 
tion due to an infinitesimal deposited mass: as such, the 
sensitivity is related to the derivate of the frequency ver¬ 
sus adsorbed layer thickness. This case is closely related 
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to the one studied inAA since a thick film acts as a gas ab¬ 
sorbing layer and the sensitivity of the transducer coated 
with the thick film is considered. On the other hand, 
if the initial condition is considered to be the layer-free 
transducer, then the sensitivity is computed as the fre¬ 
quency variation due to a thick absorbed layer, no longer 
complying with the derivate approximation only valid for 
infinitesimal variations. The sensitivity computed by the 
latter approach is not only lower than the sensitivity de¬ 
rived from the derivate approach, but the thickness at 
which the sensitivity is maximized is not the same de¬ 
pending on the selected approach due to the curvature 
of the frequency v.s thickness curve, as shown in Fig. 
0 Such conditions match our experimental assesment 
of the sensitivity by electro-depositing copper layers on 
the bare HBAR surface up to thicknesses matching the 
wavelength. In the following text, we consider the for¬ 
mer approach as a thin film approach, even though we 
are considering a small increase of an already thick layer, 
while the latter will be called the thick film approach, 



FIG. 3. Typical curve exhibiting the evolution of the reso¬ 
nance frequency of one mode of the HBAR as a function of 
absorbed layer thickness: the sharp rise in the frequency v.s 
thickness slope is observed for deposited thicknesses equal to 
multiples of the quarter wavelength. The frequency variation 
due to an absorbed layer thickness t depends on whether the 
initial condition is considered to be the bare transducer or the 
transducer already coated with a thick film. The latter ap¬ 
proach always yields a larger estimate of the sensitivity than 
the former, as shown by the dotted lines representing the local 
slope of the frequency v.s thickness curve. 

Departure from the perturbative assumption is consid¬ 
ered by modeling an adlayer thickness of the same order 
than the wavelength. The results in the thick film ap¬ 
proach, for two working frequencies, 1324 and 4000 MHz 
corresponding to wavelengths of 2.1 and 0.68 /jm respec¬ 
tively, are presented in Fig. [4] S is calculated for thick¬ 
nesses of an adlayer, assumed to meet the material prop¬ 
erties of copper, ranging from 50 nm to 2.5 ^m. Both 
overtones exhibit oscillating gravimetric sensitivities as a 


function of adlayer thickness following the initial drop, 
with a period dependent on the overtone wavelength, 
yet the asymptotic sensitivity value remains the same 
at about 60 cm 2 /g. 



FIG. 4. Gravimetric sensitivity calculated as a function of 
the thickness of the copper adlayer for 1324 (solid line) and 
4000 MHz (circles) resonance frequencies. 

The same analysis in the thin film approach provides 
a clearer view of the resonant confinement of the acous¬ 
tic energy in the thick absorbed film, as shown in Fig. 
[5] The frequency v.s thickness results are the same than 
those shown in Fig. [4] but here the initial state for com¬ 
puting the sensitivity value is selected as the infinitesi- 
maly thinner layer, hence compatible with the derivate 
of the frequency v.s thickness computation. Not only are 
the thicknesses at which sensitivity is maximum closely 
equal to multiples of the wavelength, but the actual sen¬ 
sitivity values remain close to the thin film value at odd 
multiples of the half wavelength 120 cm 2 /g - as op¬ 
posed to the thick film approach in which the sensitivity 
remained consistently lower than the perturbative layer 
sensitivity. 

These results indicate that various overtones react dif¬ 
ferently to an adlayer of varying thickness due to the evo¬ 
lution of the energy distribution between the three lay¬ 
ers - adlayer, piezoelectric thin film and substrate - in a 
coupled resonator context, making the wideband acoustic 
spectroscopy analysis non-trivial. An optimum operating 
frequency can be selected if the adlayer thickness is fixed 
and known in order to maximize S: such a conclusion 
was already reached in a previous analysisAA. However, 
MansfeldAA determined theoretically and experimentally 
that the adlayer thickness maximizing S would be A/4: 
this conclusion is not validated in the present case. To 
investigate the cause of the differences, several kinds of 
adsorbed material (Tab. Q} used as perturbative layer 
are considered to assess the dependence of this conclu¬ 
sion with adlayer properties (Fig. [6]) . 

The validity of the approach is assessed by first consid¬ 
ering a silicon adlayer - the same material the HBAR is 
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FIG. 5. Thin film analysis of the gravimetric sensitivity using 
the same simulation results than those exhibited in Fig. [4] 



Thickness of perturbative layer (pm) 

FIG. 6. Gravimetric sensitivity as a function of adlayer thick¬ 
ness, calculated for a working frequency of 4 GHz. Silica, 
aluminum, chromium, silicon and gold are considered as per¬ 
turbative layer materials when computing the the gravimetric 
sensitivity. The dashed line corresponds to the gravimetric 
sensitivity calculated by Sauerbrey’s approximation, consid¬ 
ering a silicon resonator with a thickness of 29.1 pm, equal to 
the global thickness of the simulated HBAR. 


made off - and checking that the resulting sensitivity is 
indeed equal to the value predicted by the Sauerbrey per¬ 
turbation theory (Fig. [Gj dashed line and solid line) and 
independent of the adlayer thickness. For other adlayer 
materials (copper and gold) with an acoustic impedance 
higher than that of the silicon substrate, S decreases with 
increasing thickness as was previously observed in Fig. [4] 
For materials (silica and aluminum) with lower acoustic 
impedance than that of the substrate, the gravimetric 
sensitivity increases when the thickness increases. 

These results demonstrate that the maximum of the 
gravimetric sensitivity depends on the relative acoustic 


TABLE I. Acoustic impedances of the materials used for 
gravimetric sensitivity determination of a silicon HBAR. 


materials 

Zac 

(MRayl) 

velocity 

(m/s) 

Silica (SiC> 2 ) 

13 

5740 

Aluminum (Al) 

14 

5018 

Silicon (Si) 

17 

7483 

Copper (Cu) 

24 

2728 

Gold (Au) 

29 

1480 

Aluminum nitride (AIN) 

30 

11500 

YAG 

36 

7801 


impedances and adlayer thickness to wavelength ratio. 
Furthermore, an increase of the gravimetric sensitivity 
can be obtained with an adsorbed material with acoustic 
impedance lower than that of the substrate as is classi¬ 
cally known from the Love wave configuration: such an 
approach will be discussed in section El 


C. Comparison with Mansfeld's theory 

Although numerical constants are not provided in- 1 - for 
a direct comparison with these results, their use of YAG 
as a high acoustic impedance substrate^, exhibiting a 
high acoustic velocity, as the HBAR substrate, and the 
organic layer acting as the adlayer, hints at a case in 
which a low impedance coating is deposited over a high 
impedance substrate. Such a stack matches the quali¬ 
tative behaviour identified by our numerical simulation. 
The quantitative assesment of the layer thickness max¬ 
imizing the gravimetric sensitivity however requires an 
in-depth analysis of the sensitivity dependence with ma¬ 
terial properties. Such considerations are demonstrated 
in Fig. [ 7 ] which exhibits the acoustic wavelength (normal¬ 
ized to the layer thickness) at which the gravimetric sen¬ 
sitivity is maximized, as a function of the adlayer acoustic 
impedance. The gravimetric sensitivity is calculed using 
the thin film approach to be comparable withal in which 
the resonant frequency variation is recorded for an in¬ 
finitesimal thickness variation of the adlayer due to gas 
adosorption. The results presented here consider an ad¬ 
layer material with a constant Young’s modulus (13 GPa) 
and various densities and Poisson coefficients. The elastic 
constants (Cn, C 12 , C66) of the material are calculated 
for each density and Poisson coefficent values. Maximiz¬ 
ing the sensitivity for a A/4 thickness of the adlayer is 
consistent in some cases which present a low Poisson co¬ 
efficient (less than 0.2) and different acoustic impedance 
of the adsorbed material. The BEM approach used here 
takes in account all the elastic constants of the materials 
and so exhibits more rigorous results than the analytical 
approach. 

The gravimetric sensitivity dependence with overtone 
number (and hence wavelength) and material property 
of the adlayer has been investigated through simulation, 
demonstrating a non-trivial link between these relations. 
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so only the mean value of the gravimetric sensitivities 
is presented and all thicknesses are normalized to the 
acoustic wavelength in the adlayer (Fig. [8]). 


0 2 4 6 8 10 

Acoustic impedance of adsorbed layer (MRay) 


FIG. 7. Ratio of the acoustic wavelength in the adlayer to the 
adlayer thickness maximizing the gravimetric sensitivity. The 
solid line indicates the value cited by Mansfeld when consid¬ 
ering an organic layer over a YAG substrate, the marked lines 
are the result of our simulation for varying acoustic impedance 
adlayers and using different poisson coefficients over a silicon 
HBAR. 


A low impedance adlayer is predicted to magnify the 
gravimetric sensitivity. Moreover, results cited earlier in 
the literature could be modeled in detail during these 
investigations, whose results will now be confronted to 
experimental results. 


IV. EXPERIMENTAL RESULTS 

Experimental assessment of the gravimetric sensitiv¬ 
ity of HBARs is performed in two distinct steps: on the 
one hand the irreversible deposition of thin copper films 
in a cleanroom environment by sputtering, and on the 
other hand the reversible electrodeposition of copper in 
a wet environment. All depositions are performed on the 
substrate side of the HBAR, opposite to the electrodes 
deposited on the piezoelectric thin film. The admittance 
of the HBAR is monitored by a network analyzer, either 
after each deposition step in the case of the sputtering, 
or continuously during the electrochemical oxydation and 
reduction cycles. Since part of these experiments will be 
performed in a wet environment, only the lithium nio- 
bate over quartz HBAR propagating pure shear waves is 
considered. 

The HBAR is characterized at four different frequency 
ranges (280-310 ; 410-440 ; 670-700 ; 800-830 MHz). 
Each frequency range presents about seven resonances. 
As shown on table im the gravimetric sensitivity for each 
resonance is calculated by considering the initial reso¬ 
nant frequency as the resonance frequency obtained with 
the previous adlayer thickness (thin film approach). The 
acoustic wavelengths for each frequency range are close, 


TABLE II. Experimental gravimetric sensitivity mean value 
calculated for each frequency range and for each deposited 
copper thickness. 


Deposited 
thickness (nm) 

Mean of gravimetric sensitivity (cm^/g) 

280-310 MHz 

410-440 MHz 

670-700 MHz 

800-830 MHz 

196 

10.5 

7.2 

4.5 

5.1 

381 

7.7 

5.5 

3.5 

3.7 

541 

7.0 

5.0 

3.3 

3.4 

726 

6.3 

4.5 

3.1 

3.4 

891 

5.8 

4.2 

3.2 

3.9 

1099 

5.2 

3.8 

3.5 

4.6 

1299 

4.8 

3.6 

4.2 

4.8 

1514 

4.4 

3.4 

4.6 

4.5 


Both experiemental and modeled (Fig. [8]) dependences 
of the gravimetric sensitivity with the adlayer thickness 
hint at a starting value of about 10 cm 2 /g and a sec¬ 
ondary maximum. The discrepancy between the modeled 
and experimental results, yielding different adlayer thick¬ 
nesses maximizing the sensitivity, is attributed to the use 
of bulk material constants which might not appropriately 
represent the thin copper film properties. 


0 0.1 0.2 0.3 0.4 0.5 



FIG. 8. Mean value of the measured gravimetric sensitiv¬ 
ity for each frequency range (diamonds) as a function of the 
deposited thickness divided by the acoustic wavelength, and 
polynomial fit (solid line) as a guide for the eye. Circles: 
gravimetric sensitivity estimates resulting from modeling the 
lithium niobate over quartz HBAR stack considered in the 
experimental section: the different curves are associated with 
different overtones. Notice that the two charts do not share 
the same abscissa: the experimental data abscissa is given on 
top, the model abscissa is given on the bottom. The gravi¬ 
metric sensitivity (ordinate) is properly modeled and shared 
by the two charts. 

An alternative to cleanroom sputtering of copper is 
the use of electrochemical deposition on the sensing sur¬ 
face of an HBAR. This approach, already used to charac- 
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terize the gravimetric sensitivity of QCM—, SAW— and 
HBAR— devices, is attractive because it is reversible (al¬ 
lowing for multiple cycles for assessing the reproducibil¬ 
ity of the result) and operates in liquid phase, hence be¬ 
ing more representative of the behaviour of the sensor 
used for detecting compounds in aqueous solutions (e.g. 
biosensing). This method is only usable with devices 
propagating pure shear waves due to viscoelastic coupling 
of the propagating longitudinal waves. The chemical re¬ 
action is driven by a custom-made potentiostat included 
in the embedded electronics^ designed to probe simulta¬ 
neously multiple overtones of the HBAR. This electronics 
provides a measurement rate large enough to be compat¬ 
ible with the reaction kinetics. 

The gravimetric sensitivity of an overtone at 327 MHz 
of the lithium niobate/quartz HBAR is investigated: 
electrochemical deposition provides an independent es¬ 
timate of the adlayer mass mcu through Eq. |T| assum¬ 
ing a 100% yield, by considering the number of electrons 
involved in the reduction process as the integral of the 
current i(t) flowing through the working electrode 



FIG. 9. Gravimetric sensitivity measured (stars) and modeled 
(solid line) for a lithium niobate over quartz HBAR operating 
at 327 MHz, as a function of the electrochemically deposited 
layer thickness. 


Mcu X T,i(t)8t 
Na x e x n e 


( 6 ) 


where Mq u is the molar weight ( g/mol ) of the adlayer, 
T,i(t)8t the number of charges transferred during electro¬ 
deposition, considering that the charge of one mole of 
electrons (Na) is 96440 C, and n e the number of electrons 
transfered during the redox reaction (Eq. [7]) 

Cu 2+ + 2e- Cu (7) 


Fig. [9]exhibits the gravimetric sensitivity measured us¬ 
ing the electro-deposition approach and the modeling of 
the used HBAR, both considered at the same working fre¬ 
quency. This working frequency is fixed and used as the 
inital resonant frequency (thick film approach). The thin 
film approach for calculating the gravimetric sensitivity 
could not be used in this case due the experimental set up 
which does not allow to have the resonant frequency be¬ 
tween each adlayer thickness. Knowing the area A of the 
sensing side of the HBAR over which the electrochemi¬ 
cal reaction occurs, Eq. [1] and [S] allow for estimating the 
deposited thickness. Hence, the gravimetric sensitivity is 
plotted as a function of the deposited thickness. Experi¬ 
ment matches the modeled sensitivities for adlayer thick¬ 
nesses above 1.2 pm. Below this value, the calculated 
sensitivity is 3 to 6 times higher than the model results. 
The main cause of divergence of the two curves for thin 
adlayers is attributed to the inhomogeneous deposition 
which starts at the center of the HBAR sensing area. In 
such cases, the estimated adlayer thickness Ae = mcu/A 
is under-estimated since A is overestimated when using 
the geometrical area, and the experimental sensitivity is 
hence over-estimated. 

Based on these considerations, the HBAR geometries 
considered so far exhibit sensitivities consistent with 
those of bulk QCMs and hence 10 to 20 times lower than 


SAW devices operating in the hundreds of MHz range. 
However, the low-acoustic impedance adlayer has been 
shown to increase the gravimetric sensitivity, so we con¬ 
sider whether an additional stack of material over the 
HBAR might bring some gravimetric sensitivity improve¬ 
ment, aiming at the hundreds of cm 2 /g range classically 
found for Love-mode SAW devices— 

V. GRAVIMETRIC SENSITIVITY IMPROVEMENT 

Two ways to improve the gravimetric sensitivity have 
been theoretically explored. Since the Sauerbrey gravi¬ 
metric sensitivity depends on the working frequency 
which depends on the thickness of the QCM, reducing 
the overall sensor thickness will be considered. Based 
on this idea, the gravimetric sensitivity is calculated for 
lithium niobate over quartz HBARs when varying the 
substrate thickness from 56.25 to 450 /im (Tab. ED. 


TABLE III. Calculated gravimetric sensitivity for different 
thicknesses of quartz substrate. Frequency ranges and the 
number of probed modes are also presented. 


Frequency 
range (MHz) 

50 - 150 

300 - 550 

Quartz 

thickness (pm) 

450 

225 

112.5 

56.25 

450 

225 

112.5 

56.25 

number of 
probed modes 

53 

28 

14 

7 

51 

26 

13 

8 

avg. sensitivity 
(cm 2 /g) 

9 

18 

37 

80 

8 

16 

31 

59 

theoretical sens. 
(Sauerbrey. cm 2 /g) 

8 

17 

34 

67 

8 

17 

33 

67 


Although this approach trivially scales the sensitiv¬ 
ity as the substrate thinning ratio, closely matching the 
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Sauerbrey equation prediction, the transducer rugged¬ 
ness is impacted and the solution is not satisfactory in 
reaching disadvantages of FBARs. 

A second investigated way of improvement is adding 
a well-chosen material on the sensitive surface of the 
HBAR. The gravimetric sensitivity depends on the 
impedance of the deposited materials (Fig. [6|. Follow¬ 
ing a strategy proven in the case of the Love-mode SAW 
transducer, an additional layer is designed to confine the 
acoustic wave near the sensing surface to improve the 
gravimetric sensitivity. The efficiency of this approach 
is assessed by modeling the sensitivity of an AIN over 
silicon HBAR, coated with an additional layer of silicon 
oxide. In this calculation, the gravimetric sensitivity is 
calculated by considering a 5 nm-thick copper adlayer on 
the silicon oxide (Fig. [Toll . 
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FIG. 10. Gravimetric sensitivity calculated for an AIN over 
Si HBAR with (lines with markers) and without (solid line) 
silicon oxide layer. 


Different thicknesses of the silicon dioxide acoustic field 
confinement layer are considered (Fig. ITOl) : the affected 
overtone varies as a function of the silicon dioxide layer 
thickness, but in all cases a dramatic sensitivity enhance¬ 
ment is observed, with a doubling of the sensitivity with 
respect to the bare device. 


VI. CONCLUSIONS 

The gravimetric sensitivity of composite HBAR res¬ 
onators has been studied to determine their potential as 
direct detection sensors. Two architectures, aluminum 
nitride over silicon and lithium niobate over quartz, are 
considered as complementary since the former exhibits 
high sensitivity - of the same order of magnitude as 
those found for 125 MHz Love mode SAW devices - but 
propagates longitudinal waves incompatible with sensing 
compounds in liquid phase, while the latter propagates 
pure shear waves yet only exhibits sensitivity with val¬ 


ues around those exhibits by radiofrequency bulk acous¬ 
tic resonators - typically 10 times lower than the Love¬ 
mode value. The multimode spectral characteristics of 
these transducers is considered best suited for wideband 
acoustic spectroscopy of adsorbed layers. However, the 
complex dependence of the gravimetric sensitivity of the 
various overtones yields non-trivial analysis considera¬ 
tions requiring accurate acoustic behaviour modeling of 
the coupled acoustic fields in the various layers. The 
poor gravimetric sensitivity of the bare device is theo¬ 
retically improved by adding a low-acoustic impedance 
layer on the sensing area following a strategy reminis¬ 
cent of the Love mode guided SAW device. Working on 
the electrode-free side of the HBAR solves the classical 
packaging issue of SAW devices since no structure needs 
to be located on the acoustic path while electrodes are 
prevented from being in contact with the medium con¬ 
taining the analyte being investigated. 
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